Mice are being used increasing commonly to study visual behaviors, but the time-course of their 1 1 perceptual dynamics is unclear. Here, using conditional accuracy analysis, a powerful method used to 9 0 9 1 Figure 1. Stimulus contrast and size modulate orientation discrimination performance in freely behaving 9 2 mice. (A) Left: Schematic of touchscreen-based experimental setup showing key components. Right: Snapshot of 9 3 freely behaving mouse facing a visual stimulus on the touchscreen. (B) Schematic of 2-AFC task design. Black discs: 9 4
information processing have investigated the number of processes that may occur (in reacting to the 4 0 stimulus), the timing at which each process occurs, and how those processes interact. They have shown 4 1 that conventional reaction time analyses are not ideal to address these questions [30] , and have revealed 4 2 conditional accuracy analysis [30-33] as a superior alternative. This analysis takes advantage of the 4 3 natural variability of reaction time data to examine response accuracy as a function of the time taken to 4 4 make that response. By doing so, it allows for the quantitative assessment of key perceptual processes 4 5
including duration of visual short-term memory, and temporal window of sensory integration. 4 6 4 7
In addition to the gap in our understanding of mouse visual perceptual dynamics, the operating range of Stimulus contrast and size modulate mouse performance in discriminating grating orientation. 1 0 7
We started by examining mouse performance on a single stimulus orientation discrimination task, in 1 0 8 which we systematically varied the contrasts and sizes of a single oriented target stimulus. Upon trial 1 0 9
initiation, a grating stimulus ("target"), whose orientation could be either vertical or horizontal, was 1 1 0
presented at the center of the screen for up to 3 seconds ( Fig.1B; Methods) . Mice were trained to respond 1 1 1 to the orientation of the target with an appropriate nose-touch (vertical left and horizontal right). 1 1 2
Mice were allowed to respond at any time during stimulus presentation, with stimulus presentation 1 1 3 terminating automatically upon response. A correct response resulted in a beep (1s, 600Hz), followed by 1 1 4 reward delivery (10uL water) at the port located at the opposite end of the chamber from the touchscreen. 1 1 5
An incorrect response resulted in a 5-second pause, during which the house light was illuminated, 1 1 6
following which the central cross became available once again for the mouse to initiate the next trial 1 1 7
(Methods). 1 1 8 1 1 9
Three different sizes of the target were tested: 25 (60 x 60 pixels 2 ), 35 (84 x 84 pixels 2 ), and 45 (108 1 2 0
x 108 pixels 2 ), and for each size, seven different contrasts were tested (luminance bright /luminance dark = 1.5, 1 2 1 2, 3.3, 5.7, 12, 26, 99; Methods). The spatial frequency of the grating was chosen to be 0.1 cycles/degree 1 2 2 (24 pixels/cycle; for this task as well as all subsequent tasks), based on published reports that this value is 1 2 3 within the range of spatial frequencies at which mice have the best visual contrast sensitivity [10, 11]. 1 2 4 1 2 5
We found that both the stimulus size and contrast significantly modulated discrimination performance in 1 2 6 mice (Fig. 1C , 2-way ANOVA, main effect of size, p<0.001; main effect of contrast, p<0.001; Fig.  1  2  7 S1CD). Mice discriminated the orientation better, in general, when the target was of higher contrast, with 1 2 8 performance plateauing at a contrast of 12 ("best" contrast) for all target sizes. This was reflected both in 1 2 9 discrimination accuracy (Fig. 1C ) as well as in perceptual sensitivity ( Fig. S1BC ; Methods); decision 1 3 0 criterion was largely unaffected by stimulus contrast (Fig. S1D ). Higher stimulus contrasts (than 12) did 1 3 1 not provide an additional benefit for perceptual judgements (Fig. 1C and S1C) . Notably, even at the 1 3 2 lowest contrast tested (1.5), mice were able to discriminate target orientation better than chance (50%; Fig.  1  3  3 1C; red dot at the left lower corner, p=0.039, Wilcoxon signed rank test) 1 3 4 1 3 5
Along similar lines, mice discriminated target orientation better when the stimulus was larger, with 1 3 6 discrimination accuracy plateauing at 93% correct (Fig. 1C ) and perceptual discriminability at 3.37 ( Fig.  1  3  7 S1C) for a stimulus size of 45 (and best contrast); larger stimulus sizes did not provide additional 1 3 8 benefits for perceptual judgements ( Fig. S1F-H ). There was no significant effect of target size on 1 3 9 response criterion ( Fig. S1D ). Notably, for the smallest target size that we tested (25 ), mice were still 1 4 0 able to discriminate the orientation with >80% accuracy for most of the stimulus contrasts (≥3.3; Fig. 1C To investigate the dynamics of visual perception in mice, we adopted the 'conditional accuracy analysis' 1 5 5
[30-33](Methods). We examined the dependence of mouse discrimination accuracy on RT, which resulted 1 congruent information ('congruent flanker'; Fig. 4AB ; Methods). The stimuli in this task were presented 3 3 3
for 1000 ms. Here, we re-analyzed that dataset with the conditional accuracy analysis to investigate 3 3 4
whether the performance reduction observed was due to the interference by the incongruent flanker in the 3 3 5 process of sensory encoding, or in the maintenance of target information in VSTM .  3  3  6  3  3  7  3  3  8   3  3  9 3 4 0 
4 4
All other conventions as in Fig. 1 of CAFs (VSTM-dependent stage) for trials with congruent vs. incongruent flanker; t chance (left) and t decay (right).
5 6
Conventions and statistical methods as in D. t chance : p=0.505; t decay : p=0.410. We pooled trials from all mice into two groups based on their flanker congruency i.e., congruent vs. 3 5 9
incongruent. Following that, for each group, we sorted the trials based on their RT. Trials with RT shorter 3 6 0 than the duration of stimulus (1000ms), i.e., trials in which mice responded before the stimulus ended, 3 6 1 were used to investigate the sensory encoding stage (per the approach used in Figure 2 ). Separately, trials 3 6 2 with RT longer than the duration of stimulus, i.e., trials in which mice responded after stimulus offset, 3 6 3 were used to investigate the VSTM stage (per the approach used in Figure 3 ). 3 6 4 3 6 5
We found that in the sensory encoding stage (Fig. 4CD ), the peak conditional accuracy for incongruent 3 6 6
trials was significantly lower than that of congruent trials ( Fig. 4D -left; congruent = 88.6 ± 0.8%, 3 6 7 incongruent = 81.9 ± 0.5%; p<0.001, permutation test), and the time at which performance just exceeded 3 6 8 the 50% (chance) level was longer for incongruent trials ( Fig. 4D -right; t 50 : congruent = 223 ± 24 ms; 3 6 9 incongruent = 243 ± 8 ms p=0.022, permutation test). The time to reach peak accuracy was, however, 3 7 0
shorter for incongruent trials ( Fig. 4D -middle; t peak :congruent = 433 ± 42 ms; incongruent = 371 ± 11 ms; 3 7 1 p=0.01, permutation test), consistent with the higher a peak (Fig. 4D -left) combined with similar slopes of 3 7 2 the CAF ( Fig. 4C ). 3 7 3 3 7 4
By contrast, there was no effect of flanker congruency on the time course of decay of conditional 3 7 5
accuracy following offset of the target and flanker stimuli (i.e., the VSTM stage). The time at which 3 7 6
conditional accuracy dropped to chance was not different between congruent and incongruent flanker 3 7 7 trials ( Fig. 4EF ; t chance : congruent = 2011 ± 242 ms; incongruent = 1759 ± 320 ms, p=0.505, permutation 3 7 8 test), nor on the time at which conditional accuracy dropped just below a peak (t decay : congruent = 271 ± 91 3 7 9
ms; incongruent = 232 ± 70 ms, p=0.410, permutation test). 3 8 0 3 8 1
In sum, we found that the interference in performance due to the incongruent flanker mainly impacted the 3 8 2 process of sensory encoding (a peak ; as if weakening the target), but not the VSTM stage. 3 8 3 3 8 4
Relative target contrast (target:foil) modulates mice's performance in a visual search task 3 8 5
Visual search is another behavioral paradigm used extensively in human psychophysical studies to assess 3 8 6 performance under varying sensory context. Specifically, it involves the application of a rule to identify a 3 8 7
target in a complex scene, a characteristic of 'higher' visual cognition. To examine how the dynamics of 3 8 8 perceptual processing are organized in this context, we next challenged mice with a rudimentary visual 3 8 9 search task. 3 9 0 3 9 1
Here, after a trial was initiated, the target grating could be presented either alone ('singleton trial') or 3 9 2 together with a second grating (foil; 'search trial'; Fig. 5A ). However, unlike the flanker task, (a) the 3 9 3 target was defined as the stimulus of higher contrast (as opposed to the stimulus at a particular location), 3 9 4 (b) the location of the target was randomized on a trial-by-trial basis, and (c) the orientation of the foil 3 9 5
was always orthogonal to the orientation of the target (chosen randomly on each trial to be either 3 9 6 horizontal or vertical). The relative contrast of the target:foil was varied systematically from 1.73 to 64.8 3 9 7
following a contrast morphing protocol: the contrast of one stimulus decreased while that of the other 3 9 8
increased over the range of contrasts. In the singleton trials, the contrast of the target was varied over the 3 9 9 same range ( Fig. 5A -right; Methods). In this task, because the target is identified both by its salience 4 0 0 (higher contrast) and by its behavioral relevance (the learned rule that the higher contrast stimulus yields 4 0 1 reward [58]), both exogenous as well as endogenous influences drive target 'search' and behavioral 4 0 2 performance. Notably, this task adds complexity over the flanker task as it not only contains a task- We found that mice were able to learn this search task well. Their discrimination accuracy was 4 2 7 significantly higher than chance in both trial types ( Fig. 5B The search task also yielded a classic psychometric curve of performance ( Fig. 5C ). Mouse discrimination 4 3 4
accuracy was dependent on the relative target contrast ( Fig. 5C -left, one-way ANOVA, p<0.001): as the 4 3 5
relative target contrast decreased, discrimination accuracy decreased as well. This reduction was not 4 3 6 simply due to that the target being dimmer in those pairs with low relative target contrast: Comparing the 4 3 7
discrimination accuracy of the same target when it was presented alone, versus when it was presented 4 3 8
with a foil, demonstrated that the deterioration in accuracy was due to and dependent on the contrast of 4 3 9 foil ( Fig. 5D- Conditional accuracy analysis on this dataset showed that for the sensory encoding stage, search trials had 4 4 8 a lower peak accuracy than singleton trials ( Fig. S3D , E-left; a peak : singleton trials = 80.0 ± 1.9%, search 4 4 9 trials = 73.1 ± 1.4%, p=0.004, permutation test). The time to reach peak accuracy was not statistically 4 5 0 different between the two conditions ( Fig. S3E We also attempted to investigate if and how the VSTM stage of the CAF would change in the context of 4 6 5 visual search. To this end, we reduced the duration of stimulus presentation to 800 ms (from 3000 ms). 4 6 6
However, of the 7 mice that we attempted to train on this more difficult search task, we found that only 2 4 6 7
reached the criterion for successful demonstration of learning in this task, namely, accuracy >= 70% 4 6 8 across all trial types ( Fig. S3H -filled dots; S3I; Methods). This was in contrast with the original search 4 6 9 task ( Fig. 5B ) in which all mice consistently exhibited >70% accuracy in single target trials. 4 7 0 4 7 1
Thus, mice were able to perform the original search task (with stimulus duration = 3s), and their 4 7 2 performance was systematically affected by the presence and strength (contrast) of the foil, which 4 7 3 significantly modulated the sensory encoding stage of the CAF. 4 7 4 4 7 5
Stimulus onset delay modulates mice's performance and reveals impulsivity of mice 4 7 6
The conditional accuracy analysis allows decomposition of the overall accuracy into two components: 4 7 7
CAF and RTD. Our stimulus and task manipulations thus far predominantly produced changes in the 4 7 8
CAF. We wondered whether task parameters could alter RTD, and possibly, do so without affecting CAF. 4 7 9
To this end, we systematically varied the delay between trial initiation and onset of the target (stimulus 4 8 0 onset delay) in the single stimulus discrimination task. We hypothesized that the extent to which mice are 4 8 1 able to withhold responding when there is a delay in the arrival of information pertinent to the task (i.e., 4 8 2 their ability to adjust the timing of their responses adaptively to the temporal statistics of the stimulus), 4 8 3 could impact the RTD. 4 8 4 4 8 5
We found that discrimination accuracy was not modulated by the stimulus onset delay ( Fig. 6A ; one-way 4 8 6
ANOVA, p=0.337) although there was a trend towards lower performance for longer delays. Similarly, 4 8 7
there was no effect of stimulus onset delay on perceptual discriminability or decision criterion ( Fig.  4  8  8 S4AB). We next examined if adding a delay changes the RTD. We found a significant reduction in the 4 8 9
median RT as the stimulus onset delay increased ( Fig. 6B ; one-way ANOVA, p<0.018; Pearson's ρ = -4 9 0 0.99, p=0.023) -mice were responding earlier when the stimulus onset delay was longer. To gain insight 4 9 1 into this finding, we replotted the response time data, but now, calculating reaction time (RT INI ) as the 4 9 2 time of response from trial initiation (instead of from stimulus onset; Fig. 6C ). Our motivation for this 4 9 3
analysis was the hypothesis that perhaps mice are insensitive to stimulus onset delay. If so, we would 4 9 4 expect the distributions of RT INI (and the median RT INI s) to be nearly identical across delays, thereby 4 9 5
explaining the decrease in RT as a function of delay. We found that RT INI showed an increasing trend 4 9 6
with stimulus onset delay ( Fig. 6D Δ delay = 100 ms 4 9 9
between the second two delays). 5 0 0 5 0 1 5 0 2 Thus, adding stimulus onset delay does alter the RTD of mice: Mice appear to be able to sense stimulus 5 1 5
onset delays and withhold their responses (resulting in longer RT INI s), but are unable to do so for the full 5 1 6 duration required (resulting in shorter RTs). As a result, their responses were often premature (or 5 1 7
'impulsive'), with movement initiated before the stimulus was even presented, causing them to guess 5 1 8 more often. 5 1 9 5 2 0
Conditional accuracy analysis revealed that there was no effect of stimulus onset delay on the CAF: 5 2 1 neither on the sensory encoding stage ( Fig. S4DE; a Taken together, our results from varying the stimulus onset delay showed that changes in RTD are not 5 2 8
necessarily accompanied by changes in CAF in mice. Therefore, the trend towards change in performance 5 2 9
( Fig.6A) , is not due to a change in the underlying sensory processing (i.e., CAF), but rather due to 5 3 0 cognitive factors, potentially such as impulsivity. 5 3 1 5 3 2
To characterize impulsivity quantitatively, we defined an 'impulsivity index': ImpI = 1 -(duration that 5 3 3 mice waited /duration of optimal wait time). ImpI = 0 indicates non-impulsive (optimal) responding, 5 3 4
higher positive values of ImpI indicates greater impulsivity, and ImpI=1 indicates an inability to withhold 5 3 5
responding in the face of stimulus delays (maximally impulsive). In the case of our mice, ImpI was ~0.6. 5 3 6 5 3 7
Estimates of motor response time, visual stimulus sampling period and length of visual short-term 5 3 8 memory 5 3 9
The conditional accuracy analysis yielded estimates of key time points within the two stages of the CAF, 5 4 0 namely, t peak and t 50 for the sensory encoding stage, and t decay and t chance for the VSTM-dependent stage. 5 4 1
These values, which were all measured as reaction times, included two fixed overheads: (a) the sensory 5 4 2 processing delay --time taken for the visual periphery to transduce and relay sensory information to 5 4 3 visual brain areas, i.e., neural response latency), as well as (b) the motor execution delay --the time 5 4 4
between the brain making the decision and the animal reporting its choice, corresponding to the actual 5 4 5 time for movement of the mouse's head and body to achieve a nose-touch in this case. To obtain accurate 5 4 6
estimates of the durations of the underlying decision processes, it would be important to subtract away the 5 4 7
fixed sensory and motor "overheads". 5 4 8 5 6 9 5 7 0 With this information, we were able to estimate the window for sensory encoding (temporal integration) 5 7 9
as t peak -200 ms = 300 ms ( Fig. 2A ; t peak ~= 500 ms), and the shortest stimulus being informative as t 50 -5 8 0 200ms = ~40 ms ( Fig.2A ; t 50 = 236 ms). We also estimated the duration of visual short term memory as 5 8 1 the duration of the period starting from 200 ms after stimulus offset (the last instant at which a response 5 8 2 could have been initiated with the stimulus still on the screen), to 200 ms before t chance (the last instant at 5 8 3 which responses that are better than chance was initiated). Thus, we estimated the duration of mouse 5 8 4
VSTM as t chance -2*200ms = 1700 ms ( Fig. 3C ; t chance ~= 2100 ms). 5 8 5 5 8 6 5 8 7 DISCUSSION 5 8 8
Findings from this study reveal that in spite of the lower spatial acuity, differences in the visual sensory 5 8 9
system, and impulsivity of mice, there are several quantitative similarities between mouse and human 5 9 0 visual perceptual dynamics. The visual perceptual abilities of mice may, therefore, be underrated. 5 9 1
Additionally, these results establish a detailed, psychophysical foundation for the future study of the 5 9 2 neural circuit basis of visually guided behavior in mice. 5 9 3 5 9 4
Conditional accuracy analysis 5 9 5
The conditional accuracy analysis yields insights into the time course of visual sensory processing which 5 9 6
are not achievable by the conventional RT analysis [30-33]: examination of different stages of perceptual 5 9 7
dynamics, as well as quantitative estimation of their characteristics. In line with this, we found that 5 9 8
although manipulating stimulus size/contrast, stimulus duration, the visual context of target stimulus 5 9 9
(through presentation of a foil), and stimulus onset delay all cause changes in response accuracy, they do 6 0 0 so via different routes. Manipulating stimulus size, contrast, and presenting a foil mainly impact the 6 0 1 sensory encoding stage of the CAF (via change in peak accuracy). Varying the stimulus duration involves 6 0 2 changes in the sensory encoding and the VSTM stages of the CAF. Adding a pre-stimulus delay, on the 6 0 3 other hand, primarily changes the RTD. In addition, the specific pattern of change in CAF (i.e., a peak , and 6 0 4 t chance ) provided insights into various cognitive variables that might be affected by the experimental 6 0 5
manipulation. This is discussed in the following sections. 6 0 6 6 0 7
Speed-accuracy tradeoff (SAT) 6 0 8
Across tasks, we found that performance improved with RT for RTs under 500 ms. In other words, for 6 0 9 mice, within the first 300 ms of exposure to the visual stimulus (obtained after subtracting out the 200ms 6 1 0 overhead; see Results and Fig. 7) , sacrificing speed by sampling longer or deliberating more, yield 6 1 1 additional perceptual benefits. This so-called speed-accuracy tradeoff (SAT) is seen nearly ubiquitously 6 1 2 in perceptual/decision behaviors from insects to primates [33], and can occur within a task (called micro-6 1 3 SAT, as above), or across task conditions (referred as macro-SAT, respectively [28]). 6 1 4 6 1 5
SAT offers two plausible accounts for our observation that RT was nearly constant across tasks and 6 1 6 manipulations (δRT was approximately 100ms, in contrast to the more than 500 ms change in RT with 6 1 7
task difficulty in monkey perceptual decision-making tasks [66, 67]). First, since the time for conditional 6 1 8 accuracy to reach its peak (t peak ) was relatively constant, an optimal strategy for mice would be to respond 6 1 9
with RTs centered around t peak responding earlier than t peak would sacrifice accuracy, while responding 6 2 0 later than t peak would needlessly delay response (reducing the total amount of potential reward within a 6 2 1 session, or reward rate). Consistent with this expectation, the median RT was around t peak (500 ms-600
In general, shrinking the size of stimulus, lowering the stimulus contrast, or shortening the stimulus 6 7 8 duration all caused deterioration of discrimination performance (as expected). However, mice were able 6 7 9
to respond to visual stimuli that were smaller, more brief, and in general, more demanding than those 6 8 0
typically used in visual studies in mice [6, 9, 11, 12, 80] . Based on the ranges of values that we tested, 6 8 1 mice were able to discriminate vertical versus horizontal gratings at a stimulus size as small as 25 , and 6 8 2
for that small size, they could discriminate a stimulus as short as 100 ms (and potentially even shorter, 6 8 3 down to ~40 ms, based on the estimates of t 50 ), or a stimulus with as low contrast as 1.5 (at duration of 3s). 6 8 4
Even at small stimulus sizes, low contrasts, and short durations, mice were able to perform consistently 6 8 5
better than chance, with an accuracy of 70-75%. 6 8 6 6 8 7
Limits: Performance at large stimulus feature values 6 8 8
At the other end of the range, performance plateaued at 93% for a size of 45°, suggesting that the full 6 8 9
field stimuli that have been previously used in mouse visual studies may be effectively replaced by 45° 6 9 0 large stimuli without appreciable loss in performance. Similarly, performance plateaued at 83% for 6 9 1 stimulus duration ≥ 1000 ms, indicating that stimuli longer than 1000 ms may not be needed to test mouse 6 9 2
behavior effectively in single-stimulus discrimination tasks. (Although the conditional accuracy reaches a 6 9 3
peak much earlier at ~300 ms, a longer stimulus is beneficial in terms of overall accuracy due to the non-6 9 4
trivial fraction of trials that occupy the right half of the RTD.) Finally, with respect to stimulus contrast, 6 9 5
although mouse performance generally improved as the contrast increased, there appeared to be a dip in 6 9 6
performance as the stimulus reached full contrast. Such inverted U-shaped performance curves as a 6 9 7
function of contrast have been reported previously in mice in a go/no-go task [9] . A potential explanation 6 9 8
that has been offered is that this dip is due to the variability of stimulus contrast inherent when multiple 6 9 9
values are tested [9]. Since the visual system is known to adapt to the range of stimulus contrast for best 7 0 0 encoding [81], it is possible that the large variability in contrast values in an experiment that 7 0 1 parameterizes contrast makes the full-contrast stimulus unfavorable because of signal saturation. Our data 7 0 2 are consistent with this idea: mouse performance to full-contrast gratings was worse when the stimuli 7 0 3
were intermixed with other contrasts (Fig.1C , mean accuracy= [79%, 81%, 85%] corresponding the three 7 0 4 stimulus sizes), compared to when they were presented at a single contrast (Fig. S1F , mean accuracy= 7 0 5
[85%, 90%, 94%]). For all the stimulus parameters tested, changes in discrimination accuracy were 7 0 6 accompanied by changes in sensitivity rather than decision criterion, indicating that the manipulations all 7 0 7 modulated aspects of the perceptual process. 7 0 8 7 0 9
Stimulus onset delay and impulsivity 7 1 0
Adding a delay before stimulus onset impaired mice's performance. Specifically, the delayed onset of 7 1 1 stimulus induced a greater proportion of premature responses (movement initiated before the stimulus 7 1 2 was presented), with mice guessing more often. Nonetheless, our results indicated that mice were able to 7 1 3 sense the delay and withhold their responses for a short period of time, but just not long enough to fully 7 1 4 offset the delay. First, these results suggest that such inherent impulsivity may be countered against by 7 1 5 further training, a conclusion supported from work in head-fixed mice in which they were trained to wait 7 1 6 during a delay period [15], or withhold licks during a delay period [9] . Second, these results allowed the 7 1 7
definition of a quantitative metric for impulsivity, one that depended on the animals withholding 7 1 8 responses until information that determines which response to produce is available, rather than depending 7 1 9 on withholding responses (after all the information is available) until a 'go' cue is presented, or on the 7 2 0 ability to stop a response that is underway [13] . We called this metric the impulsivity index, and estimated 7 2 1 it to be 0.6 for mice. It can be used readily to estimate and compare impulsivity across other animals. 7 2 2 7 2 3
Notably, our results from manipulating stimulus onset delay explicitly demonstrate that the overall 7 2 4 response accuracy (and/or RT) can change while the underlying perceptual processes (described by the 7 2 5 CAF) remain identical. Such an observation (differences in accuracy and RT, but identical CAFs) has also 7 2 6 been made in human subjects [82, 83] . Taken together, our results provide support for the presence of 7 2 7
conserved, fundamental principles of visual perceptual processing in mice and humans. 7 2 8 1 8 7  2  9  7  3  0  METHODS  7  3  1  7  3  2 Animals. All mice were of the C57Bl6/J strain, and were purchased from the Jackson Laboratory. Upon 7 3 3 arrival, mice were housed in a colony where temperature (~75F) and humidity (~55%) were controlled on 7 3 4 a 12:12h light:dark cycle. Animals were allowed to acclimate for at least one week, with ad libitum access 7 3 5
to food and water before water regulation was initiated. Experiments were all carried out in the light 7 3 6 phase. All procedures followed the NIH guidelines and were approved by the Johns Hopkins University 7 3 7
Animal Care and Use Committee (ACUC). 7 3 8 7 3 9
Water regulation. Mice were water-restricted following protocols described by Guo, Hires [84] with a 7 4 0 few modifications described previously [16] . Briefly, mice were individually housed, and administered 7 4 1 1mL water per day to taper their body weight down, over the course of 5-7 days, to 80-85% of each 7 4 2 animal's free-feeding baseline weight. During behavioral training/testing, the primary source of water for 7 4 3 mice was as a reinforcer for correct performance: 10 µL of water was provided for every correct response. 7 4 4 7 4 5
Apparatus. Behavioral training and testing were performed in soundproof operant chambers equipped 7 4 6 with a touchscreen (Med Associates Inc.), a custom-built reward port (fluid well), infrared video cameras, 7 4 7 a house light and a magazine light above the reward port. The reward port was located at the opposite 7 4 8
wall of the chamber relative to the touchscreen (Fig. 1A) . Two custom modifications were introduced that 7 4 9
limited the area of the touchscreen available for exploration by the freely behaving mice, thereby 7 5 0 minimizing false-alarm triggers due to accidental touches. First, mice were placed within a clear 7 5 1 plexiglass tube that ran from the touchscreen to the reward port. The diameter of the tube (5 cm) was 7 5 2 large enough to allow mice to run back and forth from the touchscreen to the reward port, to groom and to 7 5 3 behave naturally. Second, a thin plexiglass mask (3 mm thickness) was placed 3 mm in front of the 7 5 4 touchscreen with three apertures corresponding to the locations at which a mouse was allowed interact 7 5 5 with the screen by a nose-touch (Fig. 1A) . The apertures, each 1 cm in diameter, were drilled in the mask 7 5 6
in an inverted triangle configuration: 'left' and 'right' apertures were placed 3cm apart (center-to-center) 7 5 7
along the base of the triangle, and a 'central' aperture, at the apex of the triangle, was 1.5 cm below the 7 5 8 midpoint of the base (Fig. 1A) . All experimental procedures were executed using control software (K-7 5 9 limbic, Med-Associates). 7 6 0 7 6 1 Visual stimuli. Visual stimuli (bright objects on a dark background; background luminance = 1.32 cd/m 2 ) 7 6 2 were generated using MATLAB (Mathworks) and imported into the K-Limbic system as jpeg images. A 7 6 3 small cross (60x60 pixels; luminance = 130 cd/m 2 ) was presented in the central aperture and had to be 7 6 4
touched to initiate each trial. The experimental stimuli were oriented gratings (horizontal or vertical), 7 6 5 generated using a square wave (24 pixels/cycle; within the range of spatial frequencies shown to be 7 6 6 effective for mice [10]). The dark phase of the cycle was black (luminance, L dark = 1.32 cd/m 2 ; same as the 7 6 7 background), and the bright phase was varied between 1.73 cd/m 2 and 130 cd/m 2 depending on the tasks 7 6 8 (see below). The contrast of each grating stimulus was calculated as the ratio of luminance of its bright 7 6 9 phase (L bright ) over its minimal luminance (i.e., dark phase); contrast = L bright /L dark . The size of the stimulus 7 7 0 was also varied depending on the task, ranging from 60 pixels x 60 pixels to 156 pixels x 156 pixels, 7 7 1 which subtended 25-65 visual degrees at a viewing distance of 2 cm from the screen. acclimation period, during which mice were allowed to explore the environment with the lights on and to 7 7 6 retrieve a bolus (10 µL) of 'free' water at the reward port. Following this, lights were shut off and the 7 7 7
zeroing cross to start the first trial appeared on the screen. The cross flashed once every 10 sec until 7 7 8
touched, and the flash was accompanied by a short beep of 600 Hz for 30 ms, to induce the mouse to 7 7 9 approach and begin the trial. Upon trial initiation, the cross vanished, and the visual stimulus (or stimuli) 7 8 0
were immediately presented (typically, but see stimulus onset delay task below), for a duration of 0.1-3s 7 8 1 depending on the task (see below). 7 8 2
Mice were trained to report the information contained in the target grating, namely, its orientation, by 7 8 3 nose-touching within the correct response aperture (vertical target grating nose-touch in left response 7 8 4 aperture; horizontal target grating nose-touch in right response aperture). A correct response triggered 7 8 5 a tone (600 Hz, 1 sec), the turning on of the magazine light above the reward port, and the delivery of 10 7 8 6 microliters of water at the reward port. Mice turned away from the screen, ran to the liquid well, 7 8 7
consumed the reward, and ran back to face the touchscreen in order to begin the next trial. Mouse head 7 8 8 entry into the reward port was detected by an infrared sensor which caused the magazine light to turn off, 7 8 9 and the zeroing cross (for the next trial) to be presented on the touchscreen. An incorrect response 7 9 0 triggered the turning on of both the house light and the magazine light for 5-s as a timeout; the next trial 7 9 1 could not be initiated until the end of timeout. A failure to respond within 3s of stimulus presentation 7 9 2 resulted in a reset: the stimulus vanished and the zeroing cross was presented immediately (without a 7 9 3 timeout penalty), to allow initiation of the next trial. Well-trained animals failed to respond on fewer than 7 9 4 5% of the total number of trials, and there were no systematic differences in the proportion of such missed 7 9 5 trials between different conditions. 7 9 6
Within each daily 30-minute behavioral session, mice consumed approximately 1mL of water. If a 7 9 7 mouse failed to collect enough water from the behavioral session, they were provided with a water 7 9 8 supplement using a small plastic dish in their home cage. The specific amount of supplement was 7 9 9
customized depending on each individual animal's body weight, the training phase it was in, and the 8 0 0
motivational drive observed during the experiment. 8 0 1 8 0 2 Single-stimulus discrimination task. Upon trial initiation, a single grating stimulus (i.e., the 'target') 8 0 3
was presented above the central aperture, at the same horizontal level as the left and right apertures. The 8 0 4
stimulus was presented typically immediately after the nose touch (delay = 0 ms), and mice were required 8 0 5
to report its orientation with the appropriate nose-touch ( Fig. 1B ). 8 0 6
When stimulus size and contrast were manipulated ( Fig. 1 and Fig. 2) , the spatial frequency of the 8 0 7
grating was fixed at 24 pixels/cycle, and three different sizes were tested: 60 x 60, 84 x 84, 108 x 108 8 0 8
(pixels x pixels). Seven different levels of contrast were tested in each case: luminance bright /luminance dark 8 0 9 = 1.5, 2.0, 3.3, 5.7, 12, 26, 99. Trials with different stimulus contrasts at a particular size were interleaved 8 1 0
randomly throughout a session, while trials with different stimulus sizes were examined on different days. 8 1 1
Data were recorded from a total of 18 sessions (days). 8 1 2
When stimulus size was manipulated independently ( Fig.S1F-H) , the spatial frequency and contrast of 8 1 3
the grating were fixed, respectively, at 24 pixels/cycle and full contrast (99). Five different grating sizes 8 1 4
were tested: 60 x 60, 84 x 84, 108 x 108, 132 x 132, 156 x 156 (pixels x pixels). Trials with different 8 1 5
stimulus sizes were interleaved randomly throughout a session, and data were recorded from a total of 8 1 6
five sessions (days). 8 1 7
When the stimulus duration was manipulated (Fig. 3) , the spatial frequency, contrast, and size of the 8 1 8
grating were fixed, respectively, at 24 pixels/cycle, full contrast (99), and 60 x 60 pixels x pixels. Eleven 8 1 9
different stimulus durations were tested: 100, 200, 300, 400, 500, 600, 800, 1000, 1500, 2000, 3000 ms. 8 2 0
The stimulus duration was fixed for a given day, and across days, was varied in a descending sequence 8 2 1 over the range (from 3000 ms to 100 ms). Data were recorded from a total of 21 sessions. 8 2 2
When the stimulus onset delay, i.e., time difference between trial initiation and stimulus presentation, 8 2 3
was manipulated (Fig. 6) , the spatial frequency, contrast, size, and duration of the grating were fixed, 8 2 4
respectively, at 24 pixels/cycle, full contrast (99), 60 x 60 pixels x pixels, and 600 ms. Three different 8 2 5
delays were tested: 0, 100, and 200 ms. The delay duration was fixed for a given day, and varied in an 8 2 6
ascending sequence over the range (from 0 ms to 200 ms). Data were recorded from a total of 7 sessions 8 2 7
(days 
